Introduction
The 1,3-dipolar cycloaddition is the most general approach to the synthesis of five-membered heterocyclic compounds. In particular the cycloaddition of oxazolium-5-oxides (mü nchnones) has proved to be a useful method for the synthesis of pyrroles. 1 This mesoionic ring system acts as cyclic azomethine ylide in the reaction with alkynes leading to the corresponding cycloadduct, followed by cycloreversion of carbon dioxide generating pyrrole derivatives. Bicyclic mesoionic ring systems provide a route to heterocycles in which another ring system is annulated to pyrrole. This type of mü nchnone can be generated by cyclodehydration of cyclic N-acyl-Ramino acids with reagents such as acetic anhydride or carbodiimides (Scheme 1).
Thus, N-acylthiazolidine-4-carboxylic acids have been used to generate bicyclic mü nchnones, 5H,7H-thiazolo- [3,4-c] oxazol-4-ium-1-olates, which give some examples of intermolecular 1,3-dipolar addition, namely the addition to dimethyl acetylenedicarboxylate, 2 to R-chloroacrylonitrile, 3 and to imines. 4 The products from dimethyl acetylenedicarboxylate are 1H,3H-pyrrolo [1,2-c] thiazole derivatives, and this type of heterocyclic compound can also be obtained from the reaction with R-chloroacrylonitrile.
In our study the intermolecular dipolar cycloaddition of 5H,7H-thiazolo [3,4-c] oxazol-4-ium-1-olates was extended to other dipolarophiles namely methyl propiolate, ethyl and methyl vinyl ketone, and acrylonitrile leading to the synthesis of a range of new chiral 1H,3H-pyrrolo- [1,2-c] thiazole derivatives and of interesting new spiro compounds. 5 We have also described the first examples of intramolecular 1,3-dipolar cycloaddition of 5-phenyl-5H,7H-thiazolo [3,4-c] oxazol-4-ium-1-olates which led to the synthesis of new 1H,3H-pyrrolo [1,2-c] thiazole derivatives as single enantiomers (1 and 2). (2) (a) Kane, J. M. J. Org. Chem. 1980, 45, 5396-5397. (b) Györ-gydeá k, Z.; Szilá gyi, L.; Kajtá r, J.; Argay, G.; Ká lmán, A. Monatsh. Chem. 1994, 125, 189-208. (c) Anderson, W. K.; Mach, R. H. J. Med. Chem. 1987 , 30, 2109 -2115 Ladurée, D.; Lancelot, J.-C.; Robba, M.; Chenu, E.; Mathé, G. J. Med. Chem. 1989, 32, 456-461 . (e) Padwa, A.; Fryrell, G. E.; Gasdaska, J. R.; Venkatramanan, M. K.; Wong, G. S. K. J. Org. Chem. 1989, 54, 644-653 . Chem. Soc., Perkin Trans. 1 1999 , 1219 -1223 In this paper we further explore the scope of the intramolecular 1,3-dipolar cycloaddition of 5H,7H-thiazolo [3,4-c] oxazol-4-ium-1-olates thus obtaining new 1H,3H-pyrrolo [1,2-c] thiazole derivatives, heterocyclic compounds with potential biological activity. 2c,d,3b,7 
Results and Discussion
The synthetic strategy for the generation of 5-substituted-5H,7H-thiazolo [3,4-c] oxazol-4-ium-1-olates containing internal dipolarophiles involves the N-acylation of 2-substituted thiazolidine-4-carboxylates with the appropriate acid chloride. The selectivity of this acylation is crucial since it modulates the stereochemistry of the final adducts: N-acyl-2-substituted thiazolidine-4-carboxylates in diastereoisomeric pure form will lead to chiral pyrrolo [1,2-c] thiazole derivatives since the chirality at C-4 of the thiazolidine will be lost and the chirality at C-2 (C-3 in the product) will be retained. 2b,5,6 2-Substituted-1,3-thiazolidine-4-carboxylates are obtained from the reaction of aldehydes and L-cysteine esters in a process where a new chiral center at C-2 position of the thiazolidine is created leading to a mixture of the (2S,4R) and (2R,4R) diastereoisomers. The acylation of the diastereoisomeric mixture with acetic anhydride or with acid chlorides can lead to the selective synthesis of N-acyl-2-substituted-1,3-thiazolidine-4-car- boxylates as pure stereoisomers with (2R,4R) or (2S,4R) stereochemistry depending on the reaction conditions. In fact 2-substituted-1,3-thiazolidine-4-carboxylates can undergo selective inversion at C-2 through a mechanism involving the opening of the ring, but the protection with the acyl group prevents this epimerization and allows the isolation of pure diastereoisomers. 8 Previous results showed that starting with methyl 1,3-thiazolidine-4-carboxylate, bearing a phenyl group at C-2, as a mixture of the (2R,4R) and (2S,4R) diastereoisomers, N-acylation, using our reaction conditions, lead to the selective formation of methyl N-acyl-2-phenyl-1,3-thiazolidine-4-carboxylate with (2R,4R) stereochemistry. 6 The dehydration of the corresponding N-acyl-2-phenyl-1,3-thiazolidine-4-carboxylic acids generates 5-phenyl-5H,7H-thiazolo [3,4-c] oxazol-4-ium-1-olates containing internal dipolarophiles which undergo cycloaddition giving 1H,3H-pyrrolo [1,2-c] thiazole derivatives as single enantiomers and with R configuration (1 and 2) . 6 This synthetic methodology is now explored to include the dipolar cycloaddition of new 5-substituted-5H,7H-thiazolo [3,4-c] oxazol-4-ium-1-olates. N-acylations of thiazolidines with phenyl, methyl, and benzoyl groups at C-2 were made using the reaction conditions previously described 6 to evaluate if the nature of this substituent would have any influence on its selectivity.
As a first objective we decided to prepare new 5-phenyl-5H,7H-thiazolo [3,4-c] oxazol-4-ium-1-olates containing internal dipolarophiles and promote their cycloaddition. The synthetic strategy used is outlined in Scheme 2. (But-3-ynyloxy)acetic acid was prepared from the reaction of 3-butyn-1-ol and chloroacetic acid and converted into the corresponding acid chloride 4 by the reaction with thionyl chloride. This acetylenic acid chloride was used to acylate thiazolidine 3 giving compound 5 as a single stereoisomer with (2R,4R) stereochemistry, in 68% yield. Thiazolidine 6 was obtained by reacting compound 5 with lithium iodide in ethyl acetate followed by treatment with aqueous HCl. Heating a solution of N-acylthiazolidine 6 in acetic anhydride led to the generation of the corresponding mesoionic species which underwent an intramolecular 1,3-dipolar cycloaddition with the unactivated terminal alkyne. A new chiral 1H,3H-pyrrolo [1,2-c] thiazole derivative having a fused dihydro-2H-pyran ring with [R] D 25 ) +148.1 (7) was obtained in 18% yield.
Attempts were made to promote this type of intramolecular dipolar cycloaddition using a terminal alkene as the dipolarophile. (Prop-2-enyloxy)acetic acid was prepared by a known method, 9 and its reaction with thionyl chloride gave the acid chloride 8. N-acylation of thiazolidine 3 with this acid chloride gave compound 9 in 60% yield, which was converted into the carboxylic acid 10 (46%). However, with heating of compound 10 in acetic anhydride, no cycloadduct was obtained (Scheme 3). This indicates the need for dipolarophile activation.
The thiazolidine 11 bearing a methyl group at C-2 was prepared and isolated as a mixture of the (2S,4R) and (2R,4R) diastereoisomers. The reaction of this compound with (prop-2-ynyloxy)acetic acid chloride, prepared from the reaction of (prop-2-ynyloxy)acetic acid 10 with thionyl chloride, gave compound 12 in 63% yield. The 1 H NMR spectrum of thiazolidine 12 at ambient temperature was The reaction of phenylglyoxal and L-cysteine methyl ester gives also a thiazolidine as a mixture of the (2S,4R) and (2R,4R) diastereoisomers. However, in this case the two diastereoisomers of methyl 2-benzoylthiazolidine-4-carboxylate (16a,b) can be separated by chromatography proving that the interconversion of these isomers through a reversible ring opening mechanism is difficult.
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(p-Methoxyphenyl)glyoxal, obtained by oxidation of 4-methoxyacetophenone with aqueous hydrobromic acid and dimethyl sulfoxide, 12 reacts with L-cysteine methyl ester giving a mixture of diastereoisomeric thiazolidines (17a,b), which can also be separated but this time by selective crystallization.
The stereochemistry of the methyl (2R,4R)-2-(p-methoxybenzoyl)thiazolidine-4-carboxylate (17a) was established by X-ray crystallography (see Supporting Information). The compound crystallizes in the noncentrossymmetric P21 space group. The puckering parameters of the five-membered ring are Q(2) ) 0.357(3)°and φ(2))271.1-(4)°. The methyl carboxylate substituent bonds to C4 in an equatorial geometry as shown by the angle between the C4-C41 bond and the normal to the Cremer and Pople plane, 63.90(19)°. The p-methoxybenzoyl group bonds to the ring in a bisecting geometry as shown by the corresponding angle 52.31(19)°. The conformation is stabilized by one bifurcated intramolecular hydrogen bond N3-H3‚‚‚O21, O41 with short distances, 2.680 (4) and 2.724(3) Å, although narrow angles, 107(3) and 102-(3)°, respectively. The absolute structure was determined by taking advantage of the sulfur small anomalous dispersion at the Mo KR wavelength. The Flack parameter refined to 0.03 (10) , confirming the expected R,R chirality.
The 1 H NMR spectra of 2-(p-methoxybenzoyl) derivative 17a are characterized by having the sum of the coupling constants between geminal protons H(5a), H(5b) with H(4) larger than the corresponding sum of these coupling constants for the thiazolidine 17b. This is in agreement with previous observation that the sum of J (5a), (4) with J (5b), (4) of the (2R,4R) isomer of 2-substituted thiazolidine-4-carboxylic acid derivatives is greater than that of the (2S,4R) isomer. 8 The comparison of these spectra with the 1 H NMR spectra of 16a,b allowed us to conclude that 16a is the (2R,4R) isomer and 16b the (2S,4R) isomer (see Supporting Information).
The unique possibility of isolating pure diastereoisomers of 2-substituted thiazolidines characterized by the an unfavorable interconversion between the (2R,4R) and (2S,4R) isomers led us to explore the use of 16a,b and 17a,b as precursors of 5H,7H-thiazolo [3,4-c] oxazol-4-ium-1-olates with internal dipolarophiles and to promote the dipolar cycloaddition in the hope of retaining the configuration of the starting thiazolidine at C-2. This could lead to chiral dipolar cycloadducts with R and S configurations.
The reaction of thiazolidine 17a with (prop-2-ynyloxy)-acetic acid chloride in the presence of potassium carbonate led to N-acylthiazolidine 18 meaning that retention of configuration at C-2 has occurred (Scheme 5). This N-acylthiazolidine showed a positive value for the optical rotation ([R] D 25 ) +51.5) which is consistent with the (2R,4R) stereochemistry. In fact, a positive value for the optical rotation of 2-substituted N-acyl-1,3-thiazolidine-4-carboxylates is normally associated with (2R,4R) stereochemistry and a negative value with (2S,4R) stereochemistry. 5,6,8a Meanwhile the structure of thiazolidine 18 was confirmed by X-ray crystallography (see Supporting Information). The compound crystallizes in the noncentrosymmetric P2 1 2 1 2 1 space group. The five-membered ring adopts an envelope conformation on S1 with puckering parameters Q(2) ) 0.409(3) Å and (2) ) 354.3(4)°. The (prop-2-ynyloxy)acetyl ring substituent bonds to N3 in an equatorial position as seen by the angle between the C31-N3 bond and the normal to the Cremer and Pople plane, 69.1(2)°. The p-methoxybenzoyl and methyl carboxylate groups are positioned in axial and bisecting positions, respectively, as seen by the corresponding angles, 15.8(2) and 49.7(2)°.
The structure shows no classical hydrogen bonds. Cohesion is maintained by C-H‚‚‚O and C-H‚‚‚π intermolecular bonding. Both terminal methyl groups have one of their hydrogens atoms directed toward the π cloud of the benzoyl ring with distances of 2.870 and 2.784 Å between the hydrogens and the centroid of the ring. Absolute structure was determined by taking advantage of the small anomalous dispersion of the sulfur atom at the Mo KR wavelength. The Flack parameter was refined to 0.01(9), confirming the expected R,R configuration of the C2 and C4 atoms.
Compound 18 reacted with lithium iodide in ethyl acetate followed by treatment with aqueous HCl, and the corresponding acid 19 was obtained. This compound was heated in a solution of acetic anhydride to generate a mesoionic species which underwent an internal 1,3-dipolar cycloaddition. The chiral 3-benzoyl-1H,3H-pyrrolo [1,2-c] Our study showed that with methyl 2-(p-methoxybenzoyl)thiazolidine-4-carboxylates 17a,b as starting material 3-benzoyl-1H,3H-pyrrolo [1,2-c] thiazole derivatives can be obtained as single enantiomers with retention of configuration at C-2 of the starting thiazolidine.
In contrast with the results obtained with 2-(p-methoxybenzoyl)thiazolidines the acylation reaction of 2-benzoylthiazolidines 16a,b led to products which showed identical 1 H NMR (Scheme 7). They both led to the same thiazolidine (24) The furan and pyrrole rings are practically planar; the largest deviation from the least-squares plane is 0.0145-(13) Å (atom C3). The thiazine ring has a distorted boat conformation with puckering parameters Q ) 0.640(2) Å, θ ) 85.5(2)°, and φ ) 51.81(14)°as defined by Cremer and Pople. The dihedral angle between the least-squares planes of the furan and pyrrole rings is 0.30(7)°, and that between the pyrrole and thiazine rings is 23.86(8)°.
Bond lengths and angles show no unusual values. There is a significant asymmetry between the two S-C bond lengths [C5-S1, 1.817(2) Å; C7-S1, 1.749(2) Å], reflecting the different hybridization of the C5 and C7 atoms. Although there is a large asymmetry between the valence angles around N1, the sum of these angles adds up to 359.6(3)°, indicating no significant pyramidal character of the N1 atom. The environment around the asymmetric C8 atom is close to tetrahedral, with bond angles in the range 110.80 (14) The mechanism proposal for the synthesis of the pyrrolo [1,2-c] [1, 4] thiazine derivative 27 is outlined in Scheme 8. The first step is the acetylation of the sulfur atom with acetic anhydride giving 28. Two possible ways in which this intermediate could be converted into the final product are shown in the scheme. Further studies are underway to clarify the mechanism for the formation of pyrrolo [1,2-c] [1, 4] thiazine 27.
Isotropic UV and CD Spectra. The UV isotropic and CD spectra for some pyrrolo [1,2-c] thiazoles were obtained (see Supporting Information and Figure 1 ). The study includes compounds whose synthesis has been previously described 2b,5,6 (1a,b, 34a,b, 35, and 36) and pyrrolo [1,2-c] thiazoles prepared during this work (14, 15, 20, 23, and 26). Dimethyl (3R)-and (3S)-3,5-dimethyl-1H,3H-pyrrolo- [1,2-c] thiazole-6,7-dicarboxylate (37a,b) were also prepared as outlined in Scheme 9 to be used in comparative CD studies.
Strong bands are found in the UV isotropic spectra of the C-3-aryl-and C-3-benzoyl-substituted substances. In contrast the C-3-alkyl-substituted compounds show medium bands. The same applies for the CD spectra, particularly the bands that originate from the aryl rings.
Among the compounds studied there are three enantiomeric pairs: 20/23, 34a/34b, and 37a/37b. The CD spectra recorded corroborate the presence of these three sets of compounds as enantiomers, but the optical purity is somewhat better for the compounds with the R configuration at C-3 than for those with S configuration.
The CD spectra in the range 200-330 nm show a rather complex set of bands with variable intensities. At least five bands are normally detected. We note that the sign of the CD bands of the compounds depends, with few exceptions (see below), on the configuration of the chiral center C-3.
Benzene presents bands at 203.5 (K-band) and 254 nm (B-band), and pyrrole, bands at ∼200 nm. 13 It is known that substitution on the aromatic rings, particularly by groups that extend conjugation, leads to λ max of bands at wavelengths longer that those observed for nonsubstituted aromatic rings.
13,14 Therefore we expect that groups such as -R or -COR (R ) pyrrolo [1,2-c] thiazoles) and -COOMe will induce a bathochromic effect on these bands. This affects the type of spectra and the broadness of the bands; moreover, the Cotton effects observed in some compounds may overlap and only show up as shoulders in the CD spectra of other compounds.
The assignment of individual bands was done in analogy to the similar compounds already studied. 
Scheme 8
Compounds containing the carbonyl (ketone) group also show bands in the 300-330 nm range due to the n f π* transition of the carbonyl group. The derivatives containing ester groups (e.g. 34, 35, and 37a,b) show this band around 220 nm. As found in these studies, 2b,8b,15 the sign of the 205 nm band (band V) correlates in the spectra of our compounds with the absolute configuration of the chiral center C-3: the (3R) derivatives show a negative Cotton effect at 205 nm. Exceptions to this behavior are compounds 20, 23, and 26. This band is assigned to a πfπ* transition of the S-C-N-C(pyrrole) group, the sign and amplitude of which is determined by the helicity of the chromophore and the type of group attached to the C-3 atom.
To better understand the factors that determine the sign of the Cotton effect associated with the band at ∼205 nm we used the program HyperChem (Polak-Ribiere optimization) to estimate the structure of the compounds (therefore the conformation of the thiazolidine ring). The calculated structures agree reasonably well with those obtained from single-crystal X-ray diffraction studies, particularly for 1a, reported earlier.
6 Except for the S atom, all atoms of the thiazolidine pyrrole (and furan) rings are approximately in the same plane, this corresponding to a rather rigid disposition of atoms. The thiazolidine rings are obtained with an envelope conformation, the S atom being opposite to the substituent at C-3 for all compounds except 20, 23, and 26.
Earlier determinations have suggested that the sign of the Cotton effect associated with band V is related with the torsion angle N-C-C-S, a negative value corresponding to a negative Cotton effect at 205 nm. In our molecular mechanics calculations negative torsion angles N-C-C-S were obtained for compounds with the R configuration at C-3 and positive angles for the similar compounds with the S configuration. The same applies for the torsion angle N-C-S-C, while for the torsion angle C-N-C-S positive values were found for compounds with R configuration at C-3 and negative values for the compounds with S configuration at C-3. Compounds 20, 23, and 26 are exceptions to this rule, the torsion angles N-C-C-S, N-C-S-C, and C-N-C-S showing signs opposite to those of the other compounds, the same applying to the sign of the 205 nm band. Nevertheless, from the results of the molecular mechanics calculations, it may be stated that for all compounds the relative positions of the atoms of the thiazolidine ring and of the substituents at C-3, as measured by the signs of the torsion angles, determine unambiguously the Cotton effect of band V. In fact, negative values for the torsion angles N-C-C-S and N-C-S-C and positive for C-N-C-S always correspond to a negative Cotton effect for the band at 205 nm.
Although the methyl-substituted compounds normally correspond to greater torsion angles, the increased intensity of the bands of the aryl-or benzoyl-substituted compounds is explained by the mixing of the transitions of the aryl (and pyrrole) rings with those of the S-C-N chromophores.
Summarizing the chirooptical studies of the pyrrolo-[1,2-c] thiazoles, we confirm that the absolute configuration of the chiral center C-3 can be determined unambiguously via the sign of the 205 nm band. The molecular mechanics studies suggest that this is possible due the rigidity of the thiazolidine ring that is condensed with the pyrrole ring, the torsion angles characterizing the disposition of the most relevant atoms all having the same sign for the R (or for the S) derivatives. Exceptions to this general behavior are the compounds with the benzoyl group at the chiral center C-3, where torsion angles with opposite signs to those of the other compounds were found in the molecular mechanics calculations. Accordingly, the sign for the Cotton effect of the 205 nm transition is the opposite in these compounds.
Conclusion
The reactivity of 5-substituted-5H,7H-thiazolo [3,4-c] oxazol-4-ium-1-olates containing internal dipolarophiles is described. The synthetic strategy involves the Nacylation of 2-substituted thiazolidine-4-carboxylates which are used as precursors of the mesoionic species. Depending on the nature of the substituent at C-2 of the thiazolidine, N-acyl derivatives with different stereochemistry were obtained. If one starts with methyl 2-phenylthiazolidine-4-carboxylate or methyl 2-methylthiazolidine-4-carboxylate as a mixture of the (2R,4R) and (2S,4R) diastereoisomers, a pyrrolo [1,2-c] thiazole with R configuration was obtained (7, 14, and 15). Using methyl (2R,4R)-2-(p-methoxybenzoyl)thiazolidine-4-carboxylate and methyl (2S,4R)-2-(p-methoxybenzoyl)thiazolidine-4-carboxylate in diastereoisomeric pure form, 7-(p-methoxybenzoyl)pyrrolo [1,2-c] thiazole derivatives with R and S configuration, respectively, were obtained (20 and 23) with retention of configuration at C-2 of the starting thiazolidine. In the case of 2-benzoylthiazolidines both diastereoisomers led to the same N-acyl derivative allowing for the synthesis of compound 26 with R configuration. An interesting conversion of 1H,3H-pyrrolo [1,2-c] thiazole derivative 26 to pyrrolo [1,2-c] [1, 4] thiazine derivative 27 was also achieved. Chirooptical studies of the pyrrolo [1,2-c] thiazoles were done by confirming the absolute configuration at the chiral center C-3.
Experimental Section
General Methods.
1
H NMR spectra (300 MHz) were recorded in CDCl3 as solvent; chemical shifts are expressed in parts per million related to internal TMS, and coupling constants (J) are in Hz. Mass spectra (m/z) were recorded under electron impact at 70 eV or, where indicated, by chemical ionization with ammonia (CI). Optical rotations were recorded at the sodium D line. The circular dichroism spectra were run on a spectropolarimeter with the UV-vis (170-700 nm) photomultiplier. Flash column chromatography was performed with Merck 9385 silica as the stationary phase. 2-Phenylthiazolidine-4-carboxylate (3) was prepared by a procedure described earlier, starting from L-cysteine methyl ester hydrochloride, and was isolated as a mixture of the (2R,4R) and (2S,4R) diastereoisomers (66:34). 11 (Prop-2-ynyloxy)acetic acid chloride was prepared from the reaction of (prop-2-ynyloxy)acetic acid with thionyl chloride by a procedure described in the literature. 10 (But-3-ynyloxy)acetic Acid. This was prepared from 3-butyn-1-ol (10.91 g, 170 mmol) and chloroacetic acid (17.96 g, 190 mmol) by a procedure described in the literature for the synthesis of (prop-2-ynyloxy)acetic acid: 10 1 H NMR 2.06 (t, 1H, J ) 2.7), 2.45-2.56 (m, 2H), 3.80 (t, 2H, J ) 6.3), and 4.13 (s, 2H); MS (EI) 129 (MH + , 15%), 83 (19), 79 (100), 61 (48), and 53 (71) .
(Prop-2-enyloxy)acetic Acid. This was prepared from prop-2-enyl alcohol (30 mL) and chloroacetic acid (11.7 g, 124 mmol) by a procedure described in the literature. 9 This compound was purified by distillation at 120°C (0.5 mmHg) (9.94 g, 68.5%): 
General Procedure for the Synthesis of Thiazolidines.
11 L-Cysteine methyl ester hydrochloride (3.45 g, 20 mmol) was dissolved in water (15 mL), and potassium hydrogen carbonate (2.0 g, 20 mmol) was added following the addition of a solution of the aldehyde (22 mmol) in ethanol (15 mL). The reaction mixture was stirred at room temperature for 30 min. The reaction mixture was diluted with water and extracted with dichloromethane. The organic extracts were concentrated, and the residue was purified as stated for each compound.
Methyl ( (a) Acid Chlorides 4 and 5. Freshly distilled thionyl chloride (15 mL) was added to (prop-2-enyloxy)acetic acid or
